The cytolytic pore-forming protein (PFP, perforin) of lymphocyte granules has recently been isolated and characterized. The lytic activities expressed by both the isolated granules and the purified PFP require the presence of Ca2+. Here, we report on the extracellular release of PFP after stimulation of lymphocytes with the Ca2+ ionophore A23187, which degranulates the cells. The secreted protein associates with lipid to form structural and functional channels and supramolecular complexes that partially resist dissociation by sodium dodecyl sulfate and reducing agents. Immunoblots of the released material reveal positive identification with antibodies specific for mouse PFP and human complement component C9, indicating cross-reactivity between these two molecules. By using these specific antibodies as immunoadsorbents, the lymphocyte PFP has been affinity purified from the supernatant of stimulated cells. The extracellular release of PFP is associated with simultaneous formation of functional ion-nonselective channels with conductances of 550-600 pS in 0.15 M NaCl, as measured in planar model bilayers. In the absence of extracellular Ca2+, 15% of the maximal release activity is observed. Ca2+ appears to be required to elicit both secretion by lymphocytes and the assembly of the released PFP into tubular polymers. Similar secretion of PFP may occur during cell killing by lymphocytes, resulting in its assembly on target membranes to form tubular transmembrane lesions.
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The cytolysis mediated by cytotoxic T lymphocytes and natural killer (NK)-like cells involves the formation of circular lesions on target cell membranes (reviewed in refs. 1 and 2) . Granules from these effector cells have been isolated and shown to produce membrane lesions similar to those formed by whole effector cells (3) (4) (5) (6) (7) (8) (9) (10) . The protein responsible for the assembly of these tubular lesions has recently been isolated (11) (12) (13) (14) . The purified protein lyses tumor cells (14) and erythrocytes (11) (12) (13) (14) and forms functional channels in lipid bilayers (12) (13) (14) . In the presence of Ca2 , the pore-forming protein (PFP, also named perforin) polymerizes into supramolecular tubular complexes, which then partially resist dissociation by NaDodSO4 and reducing agents (13, 14) .
The cytoskeleton (15) and the granules (16) of cytotoxic T lymphocytes reorient to become polarized towards the target cell after contact of the two cell types. These observations support the contention that killing by lymphocytes may involve a secretory phenomenon, with a directed and localized release of PFP into the intercellular zone of contact occurring as a result of selective recognition and binding to the target cell. However, the extracellular release of PFP by lymphocytes and the simultaneous formation of ion channels have not been documented. Here, we report on the rapid secretion of PFP into the extracellular medium after stimulation of cytotoxic T lymphocytes with the secretagogue and calcium ionophore A23187. Using specific antibodies, we have identified PFP and purified it from the cell-released material. Functional ion channels are shown to assemble rapidly from the extracellular material.
MATERIALS AND METHODS
Cell Cultures. The mouse cytotoxic T-cell lines CTLL-A11 and CTLL-R8 were maintained as monolayers in interleukin-2 (IL-2)-containing medium, as described (17) . Supernatant from rat cells stimulated for 24-36 hr with concanavalin A at 5 ,ug/ml and phorbol 12-tetradecanoate 13-acetate at 10 ng/ml was used as a source of IL-2.
Isolation of PFP and Antibody Production. The PFP that was isolated from CTLL-R8 by a combination of ionexchange and molecular-sieving chromatography, as described (12) (13) (14) , was used for immunization of rabbits, after boiling in 1% NaDodSO4, at a primary dose of 30 ,ug of protein (in complete Freund's adjuvant) followed by boosts of 30 ,ug of protein in 2-to 3-week intervals. The rabbit was bled 5-7 days after each boost. Specific antibodies to reduced and alkylated complement component 9 (C9) were obtained as described (18) .
Affinity Purification of IgG from Rabbit Antiserum. The IgG of the antiserum was fractionated by affinity chromatography using staphylococcal protein A-agarose (Boehringer Mannheim) as the immunoadsorbent. After alternate washes with Ca2+/Mg2+-free phosphate-buffered saline and phosphate-buffered 0.55 M NaCl, the bound IgG was eluted with 0.1 M glycine, pH 2.5. The eluate was immediately neutralized with 0.1 vol of 1 M Tris base. After dialysis against coupling buffer (0.1 M NaHCO3/0.5 M NaCl, pH 8), the IgG was coupled to glutaraldehyde-activated agarose (Boehringer Mannheim), essentially as described (19) Trichloroacetic Acid Precipitation of Cell-Released Proteins. The cell supernatant obtained from A23187-stimulated cells, in Dulbecco's phosphate-buffered saline, was treated with 10% (wt/vol) trichloroacetic acid for 1 hr at 40C, followed by centrifugation at 10,000 x g for 15 min. For gel electrophoresis, the protein pellet was washed twice with diethyl ether to remove residual trichloroacetic acid.
Formation of Proteoliposomes. The protein pellet obtained by precipitation with trichloroacetic acid was resuspended to 1 mg/ml in phosphate-buffered saline containing 30 mM octyl P3-D-glucoside (Calbiochem) and soybean phospholipids ("phosphatidylcholine" type II-S, Sigma), which had been extracted with acetone (20) , at 10 mg/ml. After sonication for 5 min and vigorous shaking, the lipid/protein/detergent mixture was dialyzed against phosphate-buffered saline containing 5 mM CaCl2 and 0.1 mM phenylmethylsulfonyl fluoride for 12 hr at 37°C, followed by two equal changes of phosphate-buffered saline/5 mM CaCl2 for 48 hr at 4°C. This procedure ensured the formation of lipid vesicles 20-40 nm in diameter, as observed by negative-contrast electron microscopy. The lipid vesicles were washed free of nonspecifically bound protein with 10 mM sodium phosphate, pH 7.3/1 M NaCl and sedimented by centrifugation at 100,000 x g for 90 min in a Beckman SW41 rotor. The proteolipid pellet was washed twice with diethyl ether to remove lipid prior to applying to a gel slab.
Planar Bilayer Measurements. Planar bilayers were formed from monolayers of acetone-extracted soybean phospholipids by the technique of Montal and Mueller (21), as described in detail elsewhere (22) (23) (24) . Coverslips containing plated CTLL-R8 and CTLL-A11 cells, at a density of 5-10 x i04 cells per coverslip, were placed on a Teflon support on the cis side of the bilayer at a distance of 0. 1-0.3 mm underneath the bilayer membrane. A23187 was added to 0.1 ALM by means of a micropipette inserted through the aqueous phase of the two compartments. The temperature of the experiments was kept constant at 37°C.
Hemolysis Assay. Hemolysis was assessed by means of a turbidimetric microassay described elsewhere (25) .
Immunofluorescence. Cells sedimented on slides in the cytocentrifuge were fixed with 2% paraformaldehyde (20 min) (26) , using 20-cm-long gradient gel slabs of 4-20% polyacrylamide. An additional 3 cm of 4% polyacrylamide gel was layered over the running gel to resolve high molecular weight proteins. Samples from the affinity column were also analyzed on 4-20% gradient gels using a "mini-gel" system (model 360, Bio-Rad). Gels were developed at constant current and the ones containing 35S were soaked in autoradiography enhancer (EN3HANCE, New England Nuclear) for 1 hr, dried under reduced pressure, and subjected to autoradiography.
Immunoblots were developed, essentially as described (27) , using the mini-gels. Protein (Fig. 1, lane 1) , consistent with rapid protein biosynthetic activity expressed by these cell lines. Labeled cells rapidly release a number of proteins when stimulated with A23187 at 0.1-2 ,uM (Fig. 1,  lane 2) . The released proteins range widely in apparent molecular mass but show enrichment for a 70-kDa protein (Fig. 1, lane 2) .
The cell-released proteins were incorporated into lipid vesicles by means of a detergent-dialysis protocol (see Materials and Methods). Only two protein species were found to be associated with the vesicles, the two migrating as 70-kDa and 700-to 1100-kDa species (Fig. 1, lane 3) . The apparent molecular masses of these two species overlap with those of the purified monomeric and polymeric PFP isolated from these same cells, suggesting identity with lymphocyte PFP (13, 14) .
Ultrastructural Morphology of Proteoliposomes. The proteoliposomes containing the two protein species were examined by negative-contrast electron microscopy. Typically, tubular lesions with an internal diameter of 150-170 A were observed (Fig. 2) . These lesions were similar to those described previously for isolated PFP (11) (12) (13) (14) Proc. Natl. Acad. Sci. USA 83 (1986) Immunological Identification of PFP as a Secreted Protein. An antiserum was prepared against purified mouse PFP and reduced human C9. Cytolytic T cells that had been stained with specific antiserum to PFP and examined by indirect immunofluorescence showed a positive granular fluorescence in the cytosol, corresponding to the localization of the stain in cell granules (Fig. 3 c and d) . In contrast, the preimmune serum (Fig. 3 a and b) or the anti-C9 serum (not shown) did not stain the cells.
Cell-released proteins that had been electrophoresed through polyacrylamide gels under reducing conditions were transferred to nitrocellulose membranes and immunoblotted with specific antibodies to mouse PFP and human C9 (Fig. 4) . Both antibodies stained a 70-to 75-kDa species in the supernatant of stimulated cells (Fig. 4) . However, gels that had been developed under nonreducing conditions showed immunological reactivity only with anti-PFP serum (labeling a band of62-66 kDa; not shown). These results are consistent with previous work showing that antibodies directed against reduced and alkylated human C9 cross-reacted with the reduced form of mouse PFP (18) but not with the nonreduced PFP, which would also explain the lack of cytotoxic T lymphocyte staining with anti-C9 antibodies as observed by immunofluorescence. This limited immunological cross-reactivity has now been demonstrated for the PFP released by stimulated cells, further supporting the identification of PFP as a secretory protein.
Isolation of PFP from Cell Supernatant. CTLL-R8 cells, labeled with [35S]methionine, were used as a source of PFP.
After stimulation oflabeled cells with A23187 in the presence of Ca2", PFP was purified from the cell supernatant by affinity chromatography, using specific antibodies directed against mouse PFP coupled to agarose as the immunoadsorbent (Fig.  5) . The peak radioactivity fractions eluted from the column (Fig.  Sa) migrated on NaDodSO4/PAGE as a single band of 70-75 kDa (Fig. Sb) . When cells were stimulated with A23187 in the absence of Ca2', only 15% of the maximal release of PFP was observed (Fig. 5a ), suggesting that the response mediated by the calcium ionophore is related to an influx of Ca2+ into cells from the medium and not to some other, nonspecific, response mediated by the ionophore. The PFP purified from cellstimulated supernatant is identical in apparent molecular mass extracellular release of proteins was associated with simultaneous formation of ion channels in the target membrane. This possibility was assessed by using high-resistance planar bilayers as target membranes. Coverslips containing plated CTLL-A11 were positioned next to the bilayer, on the cis side. Addition of A23187 to the trans side of the membrane resulted only in a slow and progressive leakiness of the bilayer due likely to an increased permeability to Ca2' (Fig.   6a ). In contrast, the addition ofA23187 to the cis side resulted in an immediate rise of bilayer conductance in discrete steps of 550-600 pS in 0.15 M NaCl, suggesting the incorporation of single channels into the bilayer (Fig. 6a ). The discrete current events were often associated with a slow and progressive leakiness of the bilayer, due to a direct effect of A23187 on the planar membrane. The pore-forming activity was observed only with cells placed close to the bilayer and only immediately after cell stimulation. For instance, the stimulated-cell supernatant, after incubation of cells with A23187 for 30 min, was no longer active on planar bilayers when introduced through the aqueous phase. Cell-derived supernatants also lacked any hemolytic activity (data not shown). However, the cell supernatant proteins could be introduced into the planar bilayer as functional channels, provided that these proteins were solubilized first with detergent (Fig. 6b) . These observations suggest that the released PFP must rapidly undergo polymerization to form inactive tubular polymers in cell medium or target membranes, at which stage the polymers will no longer incorporate into bilayers without prior solubilization with detergent, supporting previously reported data (13, 14) . The channels associated with detergent-solubilized material showed larger unit conductances (1-6 nS in 0.1 M NaCl) than those formed by spontaneous incorporation of soluble channels derived directly from stimulation of cells (contrast Fig. 6b with 6a) or from purified monomeric protein (13, 14) , consistent with previous findings that the purified PFP forms a wide spectrum of channel sizes that appear to correlate with the degree of polymerization (13, 14) .
The channels associated with the released protein were highly resistant to voltage increase, and could be closed only at voltages exceeding 100 mV (Fig. 6c) . A continuous current-voltage (I-V) plot for the channels showed a linear relationship for voltages up to 100 mV, in either voltage polarity (Fig. 6d) , analogous to observations previously made on purified PFP (13, 14) . These data demonstrate that cytolytic lymphocytes can be surface-triggered to release PFP into the extracellular medium. The released PFP then assembles into functional channels similar to those formed by the purified protein isolated from lymphocyte granules. granule contents on the surface oftarget cells. The strategical localization of PFP in secretory granules (Fig. 3) and the reorientation and polarization of these granules towards the target cell (15, 16 ) support this secretory model and suggest an active role for this protein in cell lysis. The directed cell degranulation may involve a rise in cytosolic calcium levels in the effector cell in a way analogous to that proposed for a number of other secretory cells (28) .
In this report, experimental evidence was provided for the extracellular release of the cytolytic PFP from lymphocytes triggered by cell surface stimulation. The calcium ionophore A23187 was used to induce secretion. The presence of PFP in the stimulated cell supernatant was ascertained by the strong binding of a 70-to 75-kDa protein to lipids, by simultaneous functional channel formation observed during cell stimulation, and finally by immunological cross-reactivity with specific antibodies directed against purified PFP of lymphocyte granules and antibodies directed against C9. Furthermore, the channels formed by stimulated cytolytic lymphocytes were functionally indistinct from those formed by PFP purified from lymphocyte granules (13, 14) .
The strong association of the released 70-to 75-kDa protein (identified as PFP) with lipids ( Fig. 1 ) supports previously made observations that indicate spontaneous incorporation of this protein into lipid bilayers to form functional ion channels (13, 14) . This association with lipid bilayers was observed only in the presence of Ca2' (13) and could be attributed to lipid-binding domains in PFP that become exposed only in the presence of Ca2+.
PFP that had been allowed to polymerize at 37TC prior to transfer to planar bilayers is associated with channels of larger size compared to those produced by direct exposure of planar bilayers to cell-released material (Fig. 6) . Furthermore, the polymerized species (exposed to 370C) no longer incorporates spontaneously into bilayers. These observations are similar to those made earlier with granule-derived proteins (7, 10) and the purified PFP (13, 14) . The smaller size of the channels observed with insertion of monomeric species into bilayers ( Fig. 6 (29) and the protozoan parasite Entamoeba histolytica (22, 30, 31) . The cross-reactivity of the mouse lymphocyte PFP with human C9 (Fig. 4; ref. 18 ) suggests the intriguing possibility that these proteins may all have evolved from the same ancestral protein, diverging to become specialized for their effector roles in either humoral or cellular immunity.
